Abstract Trastuzumab (Herceptin ® ), a humanized IgG1 antibody raised against the human epidermal growth factor receptor 2 (HER2/neu), is the main antibody in clinical use against breast cancer. Pre-clinical evidence and clinical studies indicate that trastuzumab employs several antitumour mechanisms that most likely contribute to enhanced survival of patients with HER2/neu-positive breast carcinomas. New strategies are aimed at improving antibody-based therapeutics like trastuzumab, e.g. by enhancing antibodymediated eVector function mechanisms. Based on our previous Wndings that a chimaeric ovarian tumour antigenspeciWc IgE antibody showed greater eYcacy in tumour cell killing, compared to the corresponding IgG1 antibody, we have produced an IgE homologue of trastuzumab. Trastuzumab IgE was engineered with the same light-and heavy-chain variable-regions as trastuzumab, but with an epsilon in place of the gamma-1 heavy-chain constant region. We describe the physical characterisation and ligand binding properties of the trastuzumab IgE and elucidate its potential anti-tumour activities in functional assays. Both trastuzumab and trastuzumab IgE can activate monocytic cells to kill tumour cells, but they operate by diVerent mechanisms: trastuzumab functions in antibody-dependent cell-mediated phagocytosis (ADCP), whereas trastuzumab IgE functions in antibody-dependent cell-mediated cytotoxicity (ADCC). Trastuzumab IgE, incubated with mast cells Panagiotis Karagiannis and Josef Singer contributed equally to this work.
Introduction
HER2/neu (c-erb-B2) is a 185 kDa protein that belongs to the human epidermal growth factor receptor family. Its functions include engendering cell signalling and regulating cell growth, proliferation, diVerentiation and motility [1] . Approximately 30% of breast carcinomas as well as other cancers, such as those of the ovary, endometrium, bladder, prostate and lung, over-express HER2/neu, whilst its expression in normal tissues is low [2] . Its expression in breast cancer is thought to play a vital role in the pathogenesis of breast tumours and is linked to poor clinical outcomes [3] . This antigen is now a validated target for cancer therapeutics.
Trastuzumab (Herceptin ® ) is an IgG1 antibody raised against the extracellular domain (ECD) of HER2/neu and is the main antibody in clinical use for the treatment of HER2-positive breast cancers [4] [5] [6] . Trastuzumab was approved by the FDA in 1998 for the treatment of metastatic HER2/neu over-expressing breast cancer and is now also used as adjuvant therapy for early breast cancers. The success of trastuzumab in breast cancer therapy has renewed interest in antibody therapies and provoked further research into the development of therapeutic antibodies. However, only a subset of patients treated with trastuzumab show signiWcant responses and thus there is scope for additional modalities designed to improve clinical outcomes [7] .
Trastuzumab is thought to exert anti-tumour eVects by a number of mechanisms. The best-deWned mechanism is the blocking of the hetero-dimerization of HER2/neu receptors with other HER family members (HER1, HER3) on the surface of breast cancer cells thereby switching oV vital tumour cell growth signals [8, 9] . Trastuzumab inhibits metalloproteinase activity and interferes with signalling via phosphoinositide 3-kinase (PI3 K) pathways, promoting apoptosis and cell cycle arrest during the G1 phase. Another mechanism is thought to be blocking angiogenesis by inducing expression of anti-angiogenic factors such as thrombospondin-1 and suppression of pro-angiogenic factors such as TGF-, VEGF, angiopoietin-1, and plasminogen-activator inhibitor-1 [10] . Clinical and pre-clinical studies suggest that trastuzumab may also enlist immune eVector cells to attack and kill tumour cells by cytotoxicity (ADCC) and phagocytosis (ADCP), and by augmenting chemotherapy-induced cytotoxicity [11] [12] [13] [14] . Studies are now focusing on strategies aimed at improving the signiWcant but circumscribed success of trastuzumab. These include optimising antigen speciWcity or aYnity and enhancing antibody-mediated eVector cell functions targeted against tumour cells.
Although there are Wve antibody classes in man, each with distinctive functions in the immune system, trastuzumab, but essentially all monoclonal antibodies approved for clinical use are IgG1 s. Antibodies of the IgG class function most eVectively in the circulation [15] . There are many reasons why IgE antibodies might be more eVective against tumours that develop in tissues and are therefore inaccessible to IgGs [16] . The concentration of IgE in the serum of normal individuals is minute (<150 ng/mL, 1/ 10,000 the concentration of IgG) because IgE is sequestered in solid tissues, where it is bound with high-aYnity to receptors on its eVector and antigen-presenting cells [17] . The aYnity of IgE for Fc RI (Ka »10 11 M
¡1
) is 10 2 -10 5 times higher than those of IgGs for their receptors, making IgE the only antibody strongly retained by eVector cells in the absence of antigen [17, 18] . The half-life of IgE in tissues (measured in the skin »2 weeks) is longer than that of IgG (2-3 days) [18, 19] . IgE saturates Fc RI at nM concentrations, but only 10% of the receptors need be occupied by IgE and antigen for full mast cell activation and eVector cell recruitment to the site of antigen challenge in tissues [17, 20] . IgE antibodies on the surface of tissue mast cells are cross-linked by antigens to induce the release of histamines, leukotrienes, proteases, and, importantly, Th2 cell-type cytokines (IL-3, IL-4, IL-5, IL-6, IL-9, IL-13, TNF-) at the site of antigen challenge. This results in activation of the resident immune eVector cells, but also elicits further recruitment and persistence of an inXammatory cell inWltrate, comprising Th2 cells, monocytes, eosinophils and basophils, from the circulation, which enhances and maintains the local immune response [17] . IgE antibodies directed against a tumour-associated antigen would therefore trigger an immediate local eVector cell response against tumour cells and stimulate a cascade of inXammation targeted to the tumour cells in situ. These activities could possibly be highly eVective in immune rejection of tumours embedded in solid tissues. Several studies support the ideas IgE antibodies may be highly eVective tools in cancer therapy [21] [22] [23] [24] [25] [26] [27] [28] . We have previously shown that an antibody of the IgE class is superior to the corresponding IgG1 antibody against folate binding protein (FBP) in prolonging survival of mice in two xenograft models of ovarian cancer [29] [30] [31] [32] . Ours and other studies [23, 27, [33] [34] [35] have contributed to the suggestion that the antibody class may inXuence the nature as well as the potency of the immune responses elicited against tumour cells.
In order to examine the mechanisms by which an IgE version of trastuzumab may act in tumour cell killing, we have engineered a humanised trastuzumab IgE. Here, we report the physical characterisation and functional properties of the engineered trastuzumab IgE, and show that these properties are distinct from those of trastuzumab (IgG1). Our data suggests that trastuzumab IgE may potentiate tumour killing by mechanisms and pathways that might be highly eVective in cancer therapy.
Materials and methods

Antibodies and reagents
Chimaeric mAbs MOv18 IgE and MOv18 IgG (IgG1 isotype) against the human folate binding protein (FBP), NIP IgE speciWc for the hapten 4-hydroxy-3-nitro-phenacetyl (NIP) and the recombinant IgE receptor Fc RI alpha (sFc -RI ) were prepared as before [29, 36, 37] . ECD HER2 , the soluble human HER2 protein comprising the HER2/neu extracellular domain (ECD) (90 kDa) was prepared as previously described [38] . Trastuzumab (Herceptin ® ) was from Genentech (San Francisco, CA, USA), goat antihuman IgE-FITC was from VECTOR Laboratories Ltd. (Peterborough, UK) and anti-CD89-PE and anti-CD33-APC mAbs were from BD Biosciences (Oxford, UK). Antibodies to Fc and Fc receptors, human IgG isotypematched control and goat anti-mouse-Ig-FITC Abs were from Dako (Glostrup, Denmark). PI, CFSE, and tissue culture reagents were from Invitrogen (Paisley, UK).
Generation of trastuzumab IgE antibody
The cDNA derived from the protein sequences of the heavy and light chains of the trastuzumab variable regions was synthesised (Gene Art AG, Regensburg, Germany) based on the published protein sequence of trastuzumab (source: http://www.pdb.org; 1n8z) [39] . This cDNA was then cloned into two vectors based on a pTT vector backbone, one containing the epsilon heavy chain of IgE (humighae2, accession no: L00022; Kenten et al. 1982) , the other containing the human kappa light chain constant region cDNA (IGKC, accession no: BC110394) [40, 41] (Fig. 1 [40] . Supernatants were harvested 2-4 weeks later and antibodies were puriWed by aYnity chromatography as previously described [29] . Antibody purity was conWrmed by HPLC analysis. Kinetic assays of antibody binding to HER2 and Fc RI Kinetic studies were performed using surface plasmon resonance (SPR) analysis to examine the speciWcities and binding aYnities of trastuzumab (IgG1) and trastuzumab  IgE antibodies to the soluble ECD  HER2 protein and to the  soluble high-aYnity IgE receptor alpha subunit (sFc RI ) , each immobilised on the biosensor surface. Kinetics of trastuzumab IgE binding to immobilised Fc RI on the biosensor surface were compared to the well-characterised chimaeric antibody NIP IgE. All experiments were performed at 24°C on a Biacore 3000 instrument (Biacore Int. SA, Switzerland). Methods and kinetic analysis have been described previously [36, 42, 43] . In these experiments, antibodies were tested at a concentration range of 125-7.8 nM, coupling density was typically restricted to 200RU, Xow rate 20 L/min, and exposure time to analyte 360 s.
Cell culture
The human monocytic cell line U937 [44] (kindly provided by Prof. J.-P. Kinet, Harvard University, Boston, MA, USA) was grown in RPMI 1640 medium, 10% FCS, 2 mM l-glutamine, penicillin (5,000 U/mL) and streptomycin (100 g/ mL). The murine colon adenocarcinoma cell lines CT26 [45, 46] and CT26-HER2/neu Her2+ transfected with the HER2/ neu antigen [47] were grown in Iscove's medium (IMDM), 5% FCS, 2 mM l-glutamine, penicillin (5,000 U/mL) and streptomycin (100 g/mL). The human breast adenocarcinoma cell line SKBR3 (ATCC, No. HTB-30), that naturally expresses the HER2/neu antigen, was grown in DMEM, 10% FCS, 2 mM l-glutamine, penicillin (5,000 U/mL) and streptomycin (100 g/mL). The rat basophilic leukaemia mast cell line RBL-SX38 [48] (Prof. J.-P. Kinet, Harvard University, Boston, MA, USA) expresses the human form of the Fc RI receptor and was maintained in MEM supplemented with 10% FCS, 250 g/mL Geneticin, 2 mM l-glutamine, penicillin (5,000 U/mL) and streptomycin (100 g/ mL). All cells were maintained at 37°C in 5% CO 2 .
Flow cytometric assessments of antibody binding to receptors on cells For Xow cytometric assessments of antibody binding to the tumour-associated antigens FBP and HER2/neu and to Fc (IgE) and Fc (IgG) receptors on receptor-expressing cells, cells were incubated with 0.5 g/mL mAbs for 30 min at 4°C, followed by two washes in FACS buVer (PBS, 5% normal goat serum). Cells were then given anti-human IgE-FITC or anti-human IgG-FITC (10 g/mL) for 30 min at 4°C, washed in FACS buVer and Wxed in 1% paraformaldehyde-FACS buVer prior to acquisition and analysis on a dual laser FACSCalibur™ (BD Biosciences). For quantitative assessments of Fc and Fc cell surface receptors, 2 £ 10 5 U937 cells/sample were stained with mouse mAbs by indirect immunoXuorescence using the QIFIKIT ® (Dako). U937 cells, setup beads and calibration beads were given goat anti-mouse IgG-FITC, followed by two washes in FACS buVer and analysis by Xow cytometry on a FACSAria II Xow system (BD Biosciences). The numbers of receptors per cell were calculated against Xuorescent calibrating bead standards using linear regression.
Flow cytometric ADCC/ADCP assay
Treatment of tumour cells
We employed our previously described novel three-colour Xow cytometric assay to simultaneously measure tumour cell cytotoxicity (ADCC) and phagocytosis (ADCP) of HER2/ neu-positive tumour cells by human eVector cells [30, 31, 49] . CT26-HER2/neu or SKBR3 cells were stained 24 h prior to assays with 7.5 M CFSE in PBS for 10 min at 37°C, washed in RPMI 1640 medium, 10% FCS, 2 mM L-glutamine, and returned to normal culture conditions. The following day, CFSE-labelled tumour cells were washed, mixed with unstained eVector cells at E:T ratio of 2:1 with or without antibodies, followed by incubation for 2.5 h at 37°C. Antibodies were tested at concentrations of 0.05, 0.5 and 5 g/mL.
Three-colour Xow cytometric assay setup CFSE-labelled tumour cells were detected in FL1 (530/ 30 nm band pass Wlter), PE-labelled monocytic eVector cells in FL2 (582/42 nm band pass Wlter) and PI + dead cells in FL3 (670 nm LP band pass Wlter) channels, whilst control samples were set for compensation adjustments between Xuorochromes. Two dual colour Xow cytometric dot plots were generated to calculate ADCC and ADCP as previously described [30, 31, 49] . BrieXy, one dot plot depicted CFSE + tumour cells and PI + cells, allowing quantitation of tumour targets killed externally by eVector cells (ADCC, cytotoxicity) (CFSE +/PI + cells). The second dot plot depicted CFSE + tumour cells and CD89-PE + eVector cells in order to quantitate total CFSE + tumour cells and the number of tumour cells present within PE + eVector cells, depicting phagocytosis (ADCP) by eVector cells (CFSE +/PE + cells) [49] . This dot plot would also indicate any non-speciWc uptake of CFSE Xuorescence by PE + U937 eVector cells.
Confocal imaging of cell contact and antibody-mediated tumour cell phagocytosis U937 monocytes, which served as eVector cells, were incubated on Lab-Tec II glass chamber slides (SLS Ltd, Manchester, UK) with CFSE-labelled CT26-HER2/neu tumour cells at an original E:T ratio of 2:1. Treatments were performed as above. Mixed cell cultures were incubated for 3 h with MOv18 IgG, MOv18 IgE, trastuzumab (IgG1) or trastuzumab IgE antibodies. At the end of the incubations, cells were then given anti-CD33-APC for 40 min at 4°C, to label monocytic cells. Cells were then washed, Wxed in 4% paraformaldehyde-FACS buVer and mounted with Xuorescence preserver (Dako). Fluorescence microscopy was performed on a Zeiss Axiovert 200 confocal microscope (63 £ oil immersion objective). Acquisition and analysis was performed with UltraView software (PerkinElmer, Waltham, MA, USA).
In vitro degranulation assays
The ability of the engineered trastuzumab IgE to trigger degranulation was measured in vitro using the rat basophilic mast cell line RBL-SX38. This cell line expresses the human form of the Fc RI receptor as a 2 tetramer, the form naturally expressed on the surface of human mast cells [48, 50, 51] . For degranulation experiments cells were plated at 2 £ 10 4 per well in 100 L in 96 well Xatbottomed tissue culture plates and incubated overnight at 37°C in a humidiWed CO 2 incubator. The following day, cells were sensitised with IgE diluted in culture medium at 100 ng/mL, incubated for two hours at 37°C and washed twice with HBSS, 1% BSA (wash buVer). Cell degranulation was triggered for 30 min either with 100 L of anti-human IgE polyclonal rabbit mAb (Dako) (Wnal concentration: 100 ng/mL), or HER2/neu-expressing CT26 cells added at diVerent concentrations (1 £ 10 3 to 5 £ 10 5 per well) in wash buVer at 37ºC. Degranulation was terminated by placing the cells on ice and the supernatants removed for quantiWcation of mediator release. Control supernatants were either from individual or mixed cell populations alone treated with no antigen for background release, or wash buVer plus 0.1% Triton-X-100 (Tx) for total release. Degranulation was measured by quantiWcation of -hexosaminidase release, assayed using a Xuorogenic substrate (4-methylumbelliferyl-N-acetyl--D-glucosaminide) prepared according to a standard protocol [51, 52] . Supernatants were incubated in black 96 well plates with an equal volume of substrate at 37°C for 2 h and quenched with 0.5 M Tris. Fluorescence was measured using a Thermo Fluoskan II Wtted with a 350 nm excitation and a 450 nm emission Wlters. All measurements were made in triplicate for each concentration and release was expressed as a percentage of total content determined by treatment with 0.1% Triton-X-100 solution in HBSS, 1% BSA. Background release, subtracted from all values, was always <10% of total release.
Cell viability assay
Tumour cell viability was analysed by the MTS assay (tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt) using phenazine methosulfate (PMS) as a reducing agent (CellTiter 96 ® AQueous One Solution Cell Proliferation Assay kit, Promega, Southampton, UK). Cells were seeded in 96-well plates at 4 £ 10 4 cells per well and allowed to adhere overnight under standard culture conditions prior to assays. Cells were exposed to 0.5 g/mL trastuzumab, trastuzumab IgE, MOv18 IgG or MOv18 IgE antibodies over a period of 4, 24, and 48 h. Control groups received media alone, or 0.9% v/v Triton-X-100 for 30 min prior to addition of MTS. Following treatments, MTS/PMS solution prepared according to the manufacturer's instructions were added at 20 L per well and cells were incubated for a further 1 h prior to recording absorbance at 490 nm with a 96-well plate reader. The quantity of formazan product as measured by the amount of 490 nm absorbance is directly proportional to the number of living cells in culture.
Data handling and statistical analysis
In surface plasmon resonance assays, mean values §SD were calculated from three measurements. Flow cytometry experiments of receptor binding and blocking were repeated at least three times. In vitro ADCC/ADCP assays were performed in triplicate and data are shown as mean ADCC § SD and ADCP § SD of a number (n) of independent experiments (see Supplementary Table II in Supplementary Data) . Statistical analyses of in vitro ADCC/ ADCP assays and microscopic measurements of eVectortumour cell interactions were performed by means of the unpaired two-tailed Student's t test, and signiWcance was accepted at P < 0.05.
Results
Binding of trastuzumab IgE to antigen and Fc RI
We have compared the kinetics of binding of the engineered trastuzumab IgE and trastuzumab (IgG1) to HER2/ neu ECD HER2 immobilised on a biosensor surface by surface plasmon resonance ( Fig. 2a ; Table 1 ). The two antibodies exhibited similar rates of association and dissociation from their complexes with ECD HER2 (k a , k d , mean § SD, Table 1 ). These data demonstrate that trastuzumab IgE exhibits the expected interaction with ECD HER2 , and the calculated aYnity values of both trastuzumab IgE and IgG1 (Ka of 10 10 ) are similar to those previously reported for the IgG1 [6, 53] . Comparison of sensograms representing binding of trastuzumab IgE and the chimaeric NIP IgE to the immobilised soluble alphachain of Fc RI (sFc RI ) demonstrates that both antibodies bind to the high-aYnity IgE receptor with the expected kinetics and aYnity (k a , k d , mean § SD; Fig. 2b ; Table 1 ). In particular, both antibodies demonstrate the documented slow dissociation rate that is characteristic of the complex of IgE with Fc RI (Fig. 2b) (Fig. 3a, upper left) , as did the chimaeric antibody MOv18 IgG, speciWc for the ovarian tumour antigen FBP, used as positive control (Fig. 3a, upper right) . Trastuzumab also bound to 79.8% of CT26-HER2/neu cells (Fig. 3a , bottom left), whilst only background binding of the MOv18 IgG was detected (5.2%) (Fig. 3a, bottom right) . These data conWrm the speciWcity of the antibody for the human HER2/ neu antigen expressed on the surface of tumour cells as well as to the Fc receptors expressed by monocytic cells.
Trastuzumab-mediated killing of tumour cells
We employed our previously developed three-colour Xow cytometric assay to simultaneously measure trastuzumab ADCC and ADCP of HER2/neu-expressing tumour cells [49] (Fig. 3b, c) . The CT26-HER2/neu cells were used as tumour targets and human U937 monocytes were employed to provide eVector cells. The green-Xuorescent dye CFSE was used to stain live CT26-HER2/neu cells prior to incubation with U937 monocytes and, after the incubation, U937 cells were stained with anti-CD89-PE and dead cells with propidium iodide (PI). Two colour Xow cytometric dot plots show that after 2.5 h in culture, U937 cells mixed with trastuzumab and CT26-HER2/neu mediated little ADCC above that seen with samples incubated with the MOv18 IgG (5.3 vs. 4.8%; Fig. 3b , top panels, top right boxes for double positive CFSE +/PI + cells). Two-colour Xow cytometric dot plots also showed that incubation with trastuzumab induced appreciable tumour cell ADCP compared to control MOv18 IgG (30.6 vs. 4.9%; Fig. 3b , bottom panels; top right boxes for double positive CFSE +/PE + cells). Flow cytometric ADCC/ADCP assay measurements conWrmed that trastuzumab at an optimal concentration of 0.5 g/mL mediated signiWcant levels of ADCP of CT26-HER2/neu tumour cells by monocytic cells. Levels of ADCP increased »10% above those of the MOv18 IgG and no antibody controls ( Fig. 3c and Supplementary Cell viability assays demonstrated that CT26-HER2/neu tumour cells were susceptible to the anti-proliferative eVects of trastuzumab (IgG1). These eVects were detected after 24 h (89 vs. 96.6% cell viability for trastuzumab and MOv18 IgG, respectively) and 48 h incubation (87.5 vs. 104.5% cell viability for trastuzumab and MOv18 IgG, respectively). No cell growth arrest was detected with trastuzumab after exposure to antibody for 4 h (104.6 and 100% viability for trastuzumab and MOv18 IgG, respectively ( Supplementary Fig. 1, Supplementary Data) . This conWrmed that tumour cell death measured with the ADCC/ ADCP assays after 3 h exposure to antibodies was not the result of receptor hetero-dimerisation blocking by trastuzumab alone. Thus, the rapid cell death detected by the ADCC/ADCP assay was most likely mediated by Fc receptors on U937 monocytes in combination with trastuzumab.
The tumour-targeting and phagocytic activities of trastuzumab measured in the ADCC/ADCP assays were conWrmed by confocal microscopical imaging (Fig. 3d) . CT26-HER2/neu cells were pre-labelled with CFSE (green), incubated with U937 cells at and E:T ratio of 2:1, combined with antibodies, incubated for 3 h on glass chamber slides, and U937 cells were labelled with anti-CD33-APC mAb (red). In samples incubated with trastuzumab, enhanced contact between CT26-HER2/neu tumour cells (green) and U937 monocytic cells (red) was evident, and in many instances two or more monocytic cells were observed in contact with a single tumour cell (Fig. 3d, left, white arrows) . We also observed phagocytosis of tumour cells, clearly visible in the merged image of the green tumour cells inside the red U937 cells: most monocytic cells in contact with tumour cells appeared to contain tumour cell material ( Fig. 3d, left; white arrows) . In contrast to these observations, neither contact nor phagocytosis were observed in samples given MOv18 IgG examined after 3 h in the same culture conditions (Fig. 3d, right) . To conWrm the microscopic observations, the frequency of interactions between eVector and target cells were measured (Table 3) . Incubation with trastuzumab led to enhanced contact (24.5% of tumour cells) between tumour and U937 monocytes after 3 h compared to 7.9% contact observed in samples incubated with MOv18 IgG. Most of the U937 monocytes in contact with tumour cells contained tumour cell material (20.4% of tumour cells), suggesting tumour cell phagocytosis, rarely seen with MOv18 IgG (3.5%). Findings from microscopic observations and measurements of cell-cell interactions are in agreement with our ADCC/ADCP assays suggesting that trastuzumab mediated tumour cell killing by phagocytosis.
Trastuzumab IgE interaction with HER2/neu and IgE receptors on monocytic eVector cells and tumour cells
We analysed the interactions of trastuzumab IgE with its Fc receptors on U937 monocytic cells and with human n/s P > 0.05, *P < 0.05, **P < 0.005, ***P < 0.0005. d Representative confocal Xuorescence images of CT26-HER2/neu-U937 interactions potentiated by trastuzumab. CFSE-stained CT26-HER2/neu tumour cells (green) and CD33-APC labelled U937 cells (red) combined at an original E:T ratio of 2:1 and incubated for 3 h in culture. U937 cells (red) given trastuzumab IgG (left) showed enhanced contact with tumour cells (green) and phagocytosis of tumour cells (green CFSE inside U937 monocytes, white arrows). Neither eVector-target cell contact nor phagocytosis was observed when cells were incubated with control MOv18 IgG antibody (right). Original magniWcation £63 (scale bar 15 m) compared to binding of trastuzumab binding to Fc receptors, are consistent with lower expression of IgE receptors on U937 cells (Table 2 ) and our previous Wndings that MOv18 IgE bound to only a fraction of Fc RI receptors on these cells [30] . Trastuzumab IgE also recognised the HER2/neu receptor since it bound to 89.3% of CT26-HER2/neu cells (Fig. 4a, bottom left) , similarly, to trastuzumab (91.5% cells, Fig. 4a , bottom middle), whilst only background binding of trastuzumab IgE was detected in untransfected CT26 cells, which do not express the HER2/ neu receptor (5.2%) (Fig. 4a, bottom right) . These data conWrm the speciWcity of the engineered IgE antibody for the human HER2/neu antigen as well as for the Fc receptors expressed on the surface of the monocytic cells.
Assessments of the functional properties of trastuzumab IgE
Monocytic cells and IgE-mediated tumour cell killing
We wished to assess whether our engineered trastuzumab IgE was biologically active and thus sought to characterise its biological properties using two functional assays. One related to the ability of this antibody to mediate tumour cell targeting and killing by human eVector cells and was assessed using our three-colour Xow cytometric ADCC/ ADCP assay. As done above for trastuzumab, the CT26-HER2/neu cells were used as tumour targets and human U937 monocytes were employed to provide eVector cells. Using this method, we observed that incubation of CT26-HER2/neu and U937 cells with trastuzumab IgE was associated with increased tumour cell death by cytotoxicity (ADCC) (Fig. 4b, c) . This was evident by the increased population of CFSE +/PI + tumour cells in samples incubated with trastuzumab IgE (Fig. 4b , upper right, top right boxes for CFSE +/PI + tumour cells), compared to those with the control MOv18 IgE (18.7 vs. 4.6%; Fig. 4b, upper  left) . In contrast to trastuzumab, the neither the trastuzumab nor the MOv18 IgE enhanced the phagocytosis of tumour cells, as seen in the double positive CFSE +/PE + cell population (4.7 vs. 4.3%; Fig. 4b , bottom panel, top right boxes for CFSE +/PE + tumour cells). These results also conWrmed that phagocytic killing by trastuzumab and U937 monocytes, measured by the ADCC/ADCP assays (Fig. 3) , were a result of Fc receptor functions of this antibody rather than non-speciWc uptake of killed tumour cells.
Therefore, Xow cytometric ADCC/ADCP assay measurements conWrmed that trastuzumab IgE, at an optimal concentration of 0.5 g/mL mediated signiWcant levels of ADCC of CT26-HER2/neu cells by the monocytic cells (Fig. 4c) . Levels of ADCC increased by »10% above those of the MOv18 IgE, tested at the same concentrations, and the no antibody controls (Fig. 4c and Supplementary Table II, Supplementary Data). Statistically signiWcant levels of ADCP were not measured in this assay system (P > 0.05; Supplementary Table II, Supplementary Data). These data suggest that trastuzumab IgE mediates tumour killing by a mechanism diVerent from trastuzumab, directing monocytes to act in ADCC instead of ADCP against the tumour cells.
Interestingly, the antibody concentration (0.5 g/mL) required to achieve maximum tumour cell killing by monocytes in these assays was the same for IgG and IgE (Fig. 3c,  Fig. 4c and Supplementary Table II, Supplementary Data). Furthermore, when compared directly in ADCC/ADCP assays, the two IgE antibodies mediated similar levels of total tumour cell killing (35% of tumour cells by IgE vs. 36% of tumour cells by IgG; Table 4 ). Our data show that IgE is as eVective as IgG in recruiting monocytes to kill tumour cells in vitro and warrant further studies to compare the anti-tumour eVector cell functions of these antibodies in vivo.
Trastuzumab IgE-mediated interactions of monocytic and tumour cells
The tumour-targeting activities of trastuzumab IgE measured in the ADCC/ADCP assays were studied by confocal microscopical imaging (Fig. 4d) . CT26-HER2/neu cells were pre-labelled with CFSE (green), incubated with U937 cells, combined with antibodies for 3 h on glass chamber slides, and U937 cells were labelled with anti-CD33-APC (red). In samples incubated with trastuzumab IgE, contact between CT26-HER2/neu tumour cells and U937 monocytic cells, was clearly evident, and two or more monocytic cells were frequently observed in contact with or in close proximity to a single tumour cell (Fig. 4d, left; white arrows). However, in contrast to our observations with n/s P > 0.05, *P < 0.05, **P < 0.005, ***P < 0.0005. d Typical confocal Xuorescence images of CT26-HER2/neu-U937 interactions potentiated by trastuzumab IgE. CFSE-stained CT26-HER2/neu tumour cells (green) and anti-CD33-APC labelled U937 cells (red) combined at an original E:T ratio of 2:1 and incubated for 3 h in culture. U937 cells (red) given trastuzumab IgE (left) exhibited enhanced contact with tumour cells (green) but no phagocytosis of tumour cells was observed (no green CFSE Xuorescence detected inside U937 cells; white arrows). No eVector-target cell contact was observed when cells were incubated with control MOv18 IgE antibody (right). Original magniWcation £63 (scale bar 15 m) trastuzumab, trastuzumab IgE did not appear to enhance phagocytosis, since no green tumour material was observed inside the red U937 cells (Fig. 4d, left) . As expected, rare contact was observed with the control antibody MOv18 IgE, examined in the same culture conditions (Fig. 4d,  right) . Measurements of interactions between eVector and target cells (Table 3) showed that trastuzumab IgE mediated enhanced eVector: target cell contact (29.2% of tumour cells) after 3 h, compared to 5.1% contact in samples given MOv18 IgG. A very small proportion of the U937 monocytes in contact with tumour cells contained tumour cell material (4.7% of tumour cells), suggesting little tumour cell phagocytosis was mediated by trastuzumab IgE. Microscopic observations and measurements of eVector: tumour cell interactions are in agreement with our ADCC/ADCP assays and are consistent with a role for trastuzumab IgE in mediating tumour cell death by cytotoxicity.
Trastuzumab IgE activity in mast cell degranulation assays
The second functional assay examined the capacity of trastuzumab IgE to stimulate mast cells by way of the highaYnity IgE receptor Fc RI, and trigger their degranulation. This is a test of the potency of IgE to activate these eVector cells, and occurs only following cross-linking of Fc RIbound IgE by multivalent antigen, by anti-human IgE polyclonal antibodies or by antigen-expressing target cells. We used a previously established system, designed to evaluate the functional activities of IgE antibodies [48] . The assay utilises the rat basophilic mast cell line RBL-SX38, transfected to express all four subunits ( 2 ) of human Fc RI [48] . Flow cytometric evaluations conWrmed that trastuzumab IgE bound to cell surface Fc RI of the RBL-SX38 cells (45.3% of cells), similar to the previously characterised chimaeric MOv18 IgE (Fig. 5a) . To assess the ability of trastuzumab IgE to cause degranulation of RBL-SX38 cells, we measured -hexosaminidase release upon cell stimulation and cross-linking by tumour cells (Fig. 5b) .
Mast cells alone and mast cells stimulated with trastuzumab IgE in the absence of cross-linking by anti-IgE antibody, triggered minimal mast cell degranulation [54] . Mast cells stimulated with trastuzumab IgE in the presence of anti-IgE antibody triggered a strong degranulation response (»40%), compared to negligible degranulation measured with controls.
We also examined whether the engineered trastuzumab IgE cross-linked by HER2/neu-expressing tumour cells was capable of stimulating mast cells in an antigen-dependent manner. Trastuzumab IgE induced strong degranulation of RBL-SX38 cells following stimulation with CT26-HER2/ neu cells, which express HER2/neu, whilst untransfected CT26, which do not express HER2/neu, did not potentiate -hexosaminidase release (Fig. 5b) . Furthermore, CT26-HER2/neu tumour cells with trastuzumab IgE potentiated signiWcant -hexosaminidase release that was decreased proportionally to the decreasing number of tumour cells per sample. These results clearly demonstrate the functional activity of trastuzumab IgE-CT26-HER2/neu cells in triggering mast cell activation and mediator release, and conWrm that the IgE possesses biological activities that could be speciWcally directed against HER2/neu-expressing tumour cells in cancer patients.
Trastuzumab IgE targeting of SKBR3 breast cancer cells ADCC/ADCP assays using the human breast adenocarcinoma cell line SKBR3, which naturally express the HER2/ neu antigen, conWrm that trastuzumab and trastuzumab IgE can focus U937 eVector cells to kill SKBR3 cells (Fig. 6) . As with CT26-HER2/neu cells (Figs. 3, 4) , trastuzumab acted in ADCP of tumour cells (Fig. 6a ) whilst trastuzumab IgE killed by ADCC (Fig. 3b ). These Wndings demonstrate the functional properties of trastuzumab IgE focusing eVector cell functions against native HER2/neu-expressing breast tumour cells.
Since trastuzumab (IgG1) can potentiate anti-tumour eVects by blocking hetero-dimerisation of HER2/neu receptors with other HER family members on the surface of breast cancer cells, switching oV tumour cell growth signals [8, 9] , the anti-proliferative properties of the engineered trastuzumab IgE were examined using the MTS cell viability assay (Fig. 6c) These data strongly suggest that trastuzumab IgE possesses similar properties to trastuzumab in blocking tumour growth after 24 and 48 h in culture.
Discussion
In our previous studies, we reported the anti-tumour activities of MOv18 IgE, a chimaeric antibody against the ovarian tumour-associated antigen FBP, compared to the corresponding antibody of the IgG class [29] [30] [31] [32] 49] . Our studies now form part of a growing body of evidence suggesting that IgE antibodies may have a role in cancer therapy [21-23, 27, 28, 33-35, 55] . The emergence of the human epidermal growth factor receptor HER2/neu as a well-validated target for cancer therapeutics [1] [2] [3] [4] and the well-documented but circumscribed success of the humanised anti-HER2/neu IgG1 antibody trastuzumab, approved for the treatment of breast cancer [5] [6] [7] , rendered the proposition to produce an IgE equivalent moiety timely and relevant in the Weld of biological therapeutics for cancer. For this, we have engineered a humanised trastuzumab IgE antibody and here we describe the binding characteristics and biological properties of this molecule. The kinetics of antigen binding and cell binding data suggest that trastuzumab IgE possesses HER2/neu binding properties that are similar to those observed and measured for trastuzumab (Table 1; Figs. 2, 3, 4) . Similar to other wellcharacterised IgE antibodies (MOv18 IgE and NIP IgE), trastuzumab IgE bound to its high-aYnity receptor Fc RI as expected (Table 1; Figs. 2, 4) . Furthermore, using functional assays, this study demonstrates the biological activity of trastuzumab IgE antibody in directing eVector cells to target tumour cells in a tumour antigen-speciWc manner (Figs. 4, 5) . Using our ADCC/ADCP assays and microscopic images, we made a number of observations relating to the eVector functions of trastuzumab (IgG1) and trastuzumab IgE. Trastuzumab triggered appreciable levels of monocyte-mediated tumour cell phagocytosis by human monocytic cells (Figs. 3b, c, 6a) , also clearly observed in confocal images by the presence of tumour cell material ingested by monocytic cells in contact with tumour cells (Fig. 3d; Table 3 ). Whilst the signalling and tumour growth arrest activities of trastuzumab and their role in its clinical eYcacy have been the subject of many studies, the antitumour mechanisms relating to eVector cell functions of trastuzumab have been less extensively investigated [7, 8, [10] [11] [12] [13] [14] . ADCC is a known anti-tumour mechanism of trastuzumab [11, 13, 14] . ADCP is not a widely described function attributed to trastuzumab, but our data are consistent with ADCP as a potential anti-tumour mechanism for trastuzumab with human macrophages, as reported by Lazar et al. [12] . Surprisingly, no trastuzumab-dependent monocytemediated cytotoxicity (ADCC) of tumour cells was detected above that seen in the controls in our ADCC/ADCP assays. Using our ADCC/ADCP assay to simultaneously measure the contributions of ADCC and ADCP [30, 31, 49] , we detected only ADCP killing of tumour cells by trastuzumab. There are several possible explanations for the discrepancy between the present results and earlier reports. (1) Previous assays on the eVector cell functions of trastuzumab, in combination with either unfractionated or puriWed human eVector cell populations, did not assess the contributions of ADCP in the death of tumour cells [11] [12] [13] [14] . It is therefore possible that ADCP-mediated tumour cell death may have been scored as ADCC if the assays measured total loss of tumour cells; (2) U937 monocytes express Fc RI and Fc RII, but very low levels of Fc RIII (Table 2 ), and thus it is possible that the absence of appreciable levels of Fc RIII may result in low levels of ADCC [18] ; (3) The previously reported tumour cell trastuzumab ADCC [11] [12] [13] [14] .
When compared to the FBP-speciWc MOv18 IgE antibody in the same assay, trastuzumab IgE activated monocytic eVector cells to exhibit signiWcantly enhanced contact with tumour cells and to eVectively kill HER2/neu-expressing tumour cells ( Fig. 4d; Table 3 ). Trastuzumab IgE directed monocytes to kill HER2/neu-transfected tumour cells and also tumour cells naturally-expressing the HER2/ neu antigen by ADCC (cytotoxicity), a mechanism clearly diVerent from that of the anti-tumour mechanism employed by trastuzumab in the same assay system (Figs. 3, 4, 6 ). This may reXect the speciWc binding of trastuzumab IgE to the high-aYnity receptor Fc RI. Evidence presented in our previous studies on the mechanism of MOv18 IgE monocyte-mediated tumour cell killing, suggested that binding of IgE to its high-aYnity receptor Fc RI on monocytes triggered tumour cell death by a cytotoxic mechanism, whilst binding to the low-aYnity receptor CD23 resulted in tumour cell death by ADCP. U937 monocytes express low levels of CD23 (»2,200 molecules/cell, Table 2 ) and, as observed in our studies with MOv18 IgE, these receptor levels are too low to mediate ADCP of tumour cells [30] . The function of trastuzumab IgE eVected through CD23 remains to be explored and may reveal additional tumour cell killing properties of the trastuzumab IgE.
Our assays clearly indicated that the levels of tumour cell killing mediated by trastuzumab IgE were equivalent to those by trastuzumab (IgG) at the same optimal doses and in the same assay system (Figs. 3, 4 , Table 4 ). This was true despite the relatively low levels of IgE binding on the surface of U937 cells, compared to IgG (Figs. 3a, 4a ), in agreement with previous Wndings [30] suggesting the potency of IgE-mediated eVector functions [20-23, 27, 28, 35, 56] . IgE has much higher aYnity for Fc RI (Ka = 10 10 M ¡1 ) than IgG1 has for any of its three Fc receptors, especially for Fc RIII (Ka = 10 5 M
¡1
), the main receptor associated with tumour cell killing [17, 18, 57] . The relatively high aYnities of the IgE-Fc RI interaction may compensate for the lower binding of IgE on U937 monocytes, resulting in comparable levels of tumour cell killing. These data clearly indicate the biological function of trastuzumab IgE in focusing monocytic cells to kill HER2/neu-expressing tumour cells as eVectively as, but through a mechanism diVerent from, trastuzumab.
The antibody concentration (0.5 g/mL) required to achieve maximum tumour cell killing by ADCC/ADCP was the same for IgG and IgE in our in vitro assays (Figs. 3,  4) . In addition, our cell viability data clearly show that trastuzumab IgE, at concentrations found optimal for eVector cell responses (0.5 g/mL), maintains the ability to mediate tumour cell growth arrest over a period of 48 h in culture and at levels similar to those measured for trastuzumab (Fig. 6c) . The concentration found optimal for the in vitro eVector cell functions of trastuzumab IgE was tenfold lower than our previously reported optimal concentrations required for MOv18 IgG and IgE-mediated (5 g/mL) killing of ovarian tumour cells in equivalent in vitro assays [30] [31] [32] . This may suggest that lower levels of trastuzumab IgE may be required for in vivo activities compared to those used for MOv18 IgG and MOv18 IgE studies. The IgE responses measured and observed in our assays support the conclusion that trastuzumab IgE functions with similar potency, but through mechanisms diVerent from those of trastuzumab in vitro, warranting further exploration of this engineered antibody in more clinically relevant models. It is possible, however, that trastuzumab IgE may be more eVective than trastuzumab (IgG1) in vivo for the reasons cited in the Introduction or that a combination of trastuzumab and trastuzumab IgE could have potential synergistic anti-tumour eVects.
We also assessed the potential of the engineered trastuzumab IgE to activate other potent IgE receptor-bearing eVector cells. For this, we have utilised a functional assay that exempliWes the unique properties of IgE to generate and enhance immune eVector functions that can be targeted against cancer cells. Trastuzumab IgE bound to the human Fc RI 2 receptor on the surface of mast cells can be cross-linked by HER2/neu-expressing tumour cells to trigger mast cell degranulation in an antigen-speciWc manner (Fig. 5) . Tissue mast cell degranulation is a known biological property of the IgE antibody class. Mediators released by degranulated mast cells initiate and potentiate eVector cell recruitment to the site of tumour antigen challenge, which can be expected to lead to activation and stimulation of recruited and locally present eVector cells to act in the ADCC and ADCP of tumour cells. Mast cell activation by IgE may thus serve as a potential trigger of a strong, local, tumour antigen-speciWc IgE immune response against cancer. This is the Wrst study describing the properties of an engineered trastuzumab IgE. Based on the considerable evidence pointing to a number of advantages that IgE may have in tumour cell surveillance and killing, compared to IgG, our work points to the importance and value of further research to investigate the eYcacy and mechanisms of action of tumour antigen-speciWc antibodies of diVerent classes, in particular IgE and may help to realise the full potential of antibodies for immunotherapy of cancer.
